In this work, we investigated the influence of air gas pressures on the expansion features of nanosecond laser ablated aluminum plasma in the absence and presence of a nonuniform magnetic field using fast photography. A particular emphasis was given to the plume dynamics (shape, size) with the combined effects of ambient gas pressures and an external magnetic field. Free expansion, sharpening effect, and hemi-spherical structures of the aluminum plasma were observed without a magnetic field under different gas pressures. Analysis of the resulting plume images with the combined effects of air gas pressures and a magnetic field show significant changes, such as plume splitting, elliptical geometry changes, radial expansion, and plume confinement. Furthermore, the total size of the plasma plume with a magnetic field was measured to be smaller than the plasma plume without a magnetic field at several background pressures.
Introduction
The interaction of laser-produced plasma (LPP) with a magnetic field has received greater attention recently due to its importance in various applications, such as pulsed laser deposition [1, 2] , improvement in the detection sensitivity of laser-induced breakdown spectroscopy [3] , material surface modifications and debris mitigation [4, 5] . The plasma plume expansion across a magnetic field is especially intriguing because the magnetic field can be used to control the dynamic properties of the highly transient plasma plume. The study of the evolution, collimation, and stability properties of plasma flow in a magnetic field helps to clarify our understanding in the fields of propagation of charged particle beams [6] , solar wind evolution, and jet formation [7] . The effect of a magnetic field on LPP has been considered in several areas of plasma and astrophysical processes, such as supernova explosion, coronal mass ejection [8] , and inertial confinement fusions plasmas [9, 10] . Proclusters formation in the background ambient gas can be increased by the application of an external magnetic field [11] . Several investigations have been performed on the plasma expansion across a magnetic field [12] [13] [14] . Previously, Patel et al [15] investigated the behavior of an expanding brass plasma in a nonuniform magnetic field at 10 −4 mbar, 10 −1 mbar and atmospheric air pressures. They observed the splitting of the brass plume and intensity enhancement of Cu I at 510.5 nm in the presence of a magnetic field at low ambient pressures. Neogi et al [16] have shown the splitting of a carbon plume across a nonuniform magnetic field and explained the presence of lobes by considering   J B force acting on the plume. Pandey et al [17] made an attempt to understand the peculiar expansion, stagnation and rotation of copper plasma in magnetic field at 7.4 mbar ambient of argon.
Even though there are several reports on plasma expansion in background gas [18] and in the presence of a magnetic field in a vacuum [16] , only a few of them have reported on laser-ablated plasma across an external magnetic field at different ambient gas pressures [19] . In previous studies, the expansion dynamics of LPP with the pressure of air ambient gas in the presence of magnetic field is restricted to relatively low values. In this work, a comprehensive study is performed to clarify the plasma expansion from aluminum (Al) target in a pressure range from 0.1 mbar to 10 mbar. In particular, the present experimental findings are focused to understand the combined effects of air pressures and magnetic field on the geometrical features of aluminum plasma.
Experimental set-up
The layout of the experimental setup is shown in figure 1 . The plasma plume was created by ablating an aluminum (Al) target with 1064 nm output from a Q-switched Nd:YAG (continuum, model precision 8000) laser with 8 ns pulse duration and 10 Hz repetition rate. A simple quartz lens (f=100 mm) was used to focus the laser beam on the target material with a pulse energy of 200 mJ. The diameter of the focused spot on the sample surface was about 500 μm and the power density was measured to be ∼10 GW cm −2 . The experiment was performed in a steel cylindrical chamber, which was evacuated by a mechanical pump. During the experiment, the chamber was filled with air gas at different pressures of 0.1 mbar, 1 mbar, 5 mbar and 10 mbar. A three dimensional translational stage (Sigma Co. Japan) was employed inside the chamber so that a new surface was provided before each laser shot on the sample surface. Fast photography was performed using an intensified CCD (ICCD, model: PI-MAXII) camera, which was placed perpendicular to the direction of plume expansion. Temporal evolution of the Al plasma was recorded by varying the delay time (nanoseconds to microseconds) between the laser pulse and opening time of ICCD gate. A Nikon lens (100 mm) was used to form the expansion of the plasma onto the camera to make a 2-dimensional image of the plume intensity. To control the saturation of camera light, the neutral density filters were placed between the ICCD camera and glass window of chamber. A programmable digital delay/pulse generator (DG-645) was employed to trigger the ICCD in synchronous with the laser pulse. The ICCD gain, gate width, and number of accumulation were adjusted for each plume image to compensate the reduction of plasma intensity during its expansion. It is noted that the plume front position has been taken at 10% of the intensity position of the corresponding maximum intensity of that particular image [17] .
The inset of figure 1(a) shows a schematic of the magnet arrangements used in the experiment. A magnetic trap was fabricated by using two rectangular permanent magnets with the dimensions of 63 mm length, 36 mm height and 37 mm width. The separation distance between two poles was 1.6 cm. A Gauss/ Tesla meter was used to measure the intensity between two poles, which corresponds to a maximum of the measured field intensity of ∼0.8 T. Figure 1(b) shows the layout of the measured magnets intensity distribution as a function of distance along the plume expansion axis at various positions. The magnetic field intensity (along x-axis) has a maximum at the middle of poles and reduces on each side, whereas along the z-direction it is maximum at the pole surface and minimum at the middle. Figure 1 (c) depicts the schematic illustration of the plume expansion in magnetic field in background gas atmosphere.
Results and discussion
Figures 2 and 3 show the temporal sequence of plume evolution of aluminum plasma in the presence and absence of a magnetic field, respectively, into four representative air pressures. The ambient gas pressure strongly influences the laser-plasma interaction, laser energy-target coupling, and determines the hydrodynamics expansion of plasma, its cooling and its parameters [20] . Figure 2 shows that the plasma plume propagates very fast and freely in a forward direction close to the hemi-spherical structure at 0.1 mbar pressure. At a low ambient environment, the pressure within plasma is higher than the background gas pressure and the supersonic free expansion of plume sweeps up the ambient gas with a change in momentum [21] . The images at 0.1 mbar show that the plume averts from spherical plasma expansion and a sharpening effect is observed on the plume fronts after the expansion time of 500 ns. The sharpening behavior of the plume indicates that higher kinetic energy particles and ions with higher charge states dominate in the direction normal to the target, and their density falls rapidly away from the normal [22] . It follows from figure 2 that the structure and size of Al plume changes as the pressure of background gas increases to higher values. For example, the presence of 1 mbar ambient atmosphere confines the plasma plume and extends the plume lifetime as compared to the obtained images at 0.1 mbar. The plume image at 1 mbar maintains a hemispherical shape during all delay times while the plume shows a sharpening behavior at 0.1 mbar. As the pressure increases, the background gas gains increasingly more momentum from the plume, a transition to the shock regime might be expected. The plume image at high pressure (e.g., 5 mbar) shows that the ambient gas push the plume both in the radial and axial direction due to the higher pressure exerted by the background gas. At 5 mbar and up to 10 μs, the geometrical formation of plasma plume is similar to that of 1 mbar. However, the plume propagation slows down due to the compression by the background gas and, hence, it appears in front of the sample surface for a much larger delay time because it is still clearly visible at 21 μs. As the pressure further increases to 10 mbar (figure 2), stronger confinement of plume occurs which increases the particle collisions within the plasma. The plasma deceleration starts very early and the plume front decreases sharply, which closely relates with the plasma collision frequency. The collision frequency of plasma species will enhance with an increase in plasma density at high ambient gas pressure [23] . Moreover, the collisional frequencies of plasma species enhance with the corresponding effect of more momentum transfer [20] and an increased cascade growth of electrons. The ambient gas plasma also acts as an energy buffer transferring, a fraction of its energy content to the adjacent plasma material. Thus, a greater fraction of the energy is focused onto the target surface, leading to enhancement of the ionization of the ablated species. In addition, the stronger plasma confinement near to target surface highly increases the number of collisions of charged species inside plasma, which leads to an increase in effective plasma temperature and density on the plume front [24] . We attribute this behavior at larger pressures due to the higher influence of the background ambient gas where the expansion of the resulting plasma persists for a longer time period.
In contrast, the scenario is different in case of plasma expansion across a 0.8 T magnetic field, as shown in figure 3 . It is observed that instead of the spherical expansion of a plume that is noticed in the case without a magnetic field, the plume's shape is modified significantly with the external magnetic field. At 0.1 mbar pressure, starting from 500 ns, the Al plume is found to split into two symmetrical lobes and continues to develop for delays up to 2 μs. The geometrical shape of the plume remains almost identical up to 1 μs and after that it seems to be a single lobe structure. The splitting of the plume in the presence of a magnetic field is well known and has previously been reported by several authors [15, 16, 25] , who described this phenomenon on the basis of a fluid magnetohydrodynamics (MHD) model. According to these reports, the current flowing inside the plume interacts with magnetic field to give a   J B force. The   J B force tends to decelerate the flow of plasma, whereas in the outer region the flow was accelerated due to the backflow of current in the opposite direction. The plume is more accelerated near the magnet poles where the field is higher and as a result the plume splits into two lobes.
As the pressure is increased to 1 mbar, plasma density is high ( figure 3) , the magnetic field lines do not diffuse into the plasma, and only the plasma confinement occurs with no splitting [15] . At a sufficiently high pressure, the ablated material pushes the background ambient gas far from the sample until the pressure inside the plume dominates that of the ambient gas. The compressed gas restricts the plume expansion, thereby confining the plasma in a smaller volume [26] . Consequently, both the removal material and the background atmosphere are compressed. Moreover, ions and electrons experience cyclotron motion in a magnetic field, which in turn enhances the collision rates of charged species with atoms and molecules [27] . In the presence of a strong magnetic field, cyclotron frequency is high and the Larmor radius is small. The cyclotron frequency, f and radius, r of charged species can be expressed by equating the magnitude of the centripetal force and magnetic Lorentz force as = qvB mv r, 2 / where q is the charge, m is the mass, v is the velocity, and r is the cyclotron radius. The cyclotron frequency is given by f=v/2πr. The Lorentz force on particles acts perpendicularly to both the magnetic field lines and the motion of particles which creates an acceleration of the charged particles. In general, electrons move faster than ions in the plasma. Thus, the motion of electrons across the magnetic field is suppressed. For example, at 1 mbar, an elongated plasma column is formed towards the incoming laser beam, which indicates a nearly elliptical plume geometry with a contour along expansion direction. As the pressure increases to 5 mbar (figure 3), the radial expansion of the plume enhances and forms an elongated shape along the magnetic field lines. The plasma is confined in that region by the magnetic poles, where the magnetic field is applied [28] . The radial plasma expansion indicates that the motion of the charged species is restrained by the magnetic field, which is enforced to rotate around the field lines. As a result, a few of the charged species shift along the field lines and the Lorentz force that accelerated the charges to move quickly and further, far from the sample surface. Consequently, the plume material is observed to expand in a vertical direction at 5 mbar. At 10 mbar pressure (figure 3), the plume is much more squeezed by the combined actions of high surrounding gas and the magnetic field, which results in a stronger plume confinement. The greater compression in the magnetic field at 10 mbar ambient atmosphere is due to the deceleration of plasma, which basically reduces the plasma size. In addition, the magnetic confinement of plasma enhances the collision frequency of charged species by increasing their oscillation frequency and confines them to a smaller volume. The plume images reveal that the lateral confinement and magnetic field lines are guided in the plasma.
The plasma beta is the dimensionless quantity, which is defined as the ratio of the particle pressure or plasma thermal pressure ( ) nkT e to the magnetic pressure
where n is the electron density and T e is the electron temperature. For B=0.8 T in our case, P B is ∼2.5 bar. At the initial stage of expansion, the thermal pressure is much greater than the magnetic pressure due to larger values of density and pressure. At early times, the value of thermal pressure is expected to be a few thousand and its value drops very quickly due to the plasma expansion. For instance, the estimated thermal pressure is ∼1 bar. In our experiment, an aluminum plasma was generated by using a Nd:Yag laser (1064 nm) with a power density of ∼10 GW cm −2 in an air ambient gas at 10 mbar with a magnetic field. We estimated this value of thermal pressure by the values of the electron temperature of 2.5 eV and electron density of 2.5×10 17 cm −3 calculated on the basis of Boltzmann method and Stark broadening profile, respectively. At the early stage of plasma expansion, the directed pressure is larger than the thermal pressure and its value changes by several orders during the plasma expansion. When the magnetic pressure is exerted in external magnetic field, the field starts to influence the plasma flow and can be estimated by equating the ram pressure. When the thermal pressure dominates the magnetic pressure perpendicular to the field lines, the plume starts to diffuse into the magnetic field in a lateral direction and continues to expand until both pressures balance to each other. The deceleration of plasma expansion in the presence of magnetic field can be written as
where V 1 and V 2 are, respectively, the asymptotic plasma expansion velocity in the absence and presence of the magnetic field [29] . The expansion of plasma mainly depends on plasma parameter β (plasma pressure/magnetic pressure). When β=1, the plasma expansion would be stopped by the magnetic field [30] . Figure 4 gives the temporal variation of the plume front position at four different air pressures (0.1 mbar, 1 mbar, 5 mbar, and 10 mbar) for the two cases with and without magnetic field.
The expansion of plume front at various air pressures is represented by shock wave model [31] , which is given by the relation
where ξ 0 is a constant dependent on specific heat capacity of gas, ρ 1 is the background gas density and E is the energy used during explosion [32] . In figure 4 , the front position-time plots give the size of the plume front with time by following the shock wave model with relation R=at n , which is in good agreement for the plume propagation in each case. It is observed that there is a considerable influence of ambient gas on the front evolution when we increase the pressure from 0.1 mbar to 10 mbar. At 0.1 mbar (diamonds), the plume front individually identifies with a higher enhancement with the magnetic field. As can be seen in figure 3 , the plume expands extensively in a forward direction at 0.1 mbar across the external magnetic field. In the same way, at 1 mbar, the plume is much more enhanced towards the expansion direction and ultimately travels in larger front evolution with the magnetic field. At 5 mbar, we do not observe an obvious difference in plume front position, and it shows almost similar behavior for both cases. However, the change in plume evolution with the magnetic field is much smaller than the field-free case at 10 mbar. At this pressure regime, as shown in figure 3 , the plume is much more confined near to the sample surface due to the higher influence of the background environment in the magnetic field. Consequently, the plasma front continuously slows down and eventually approaches an almost unchanged behavior at longer delay times. As a result, the plume length is reduced to a few millimeters. The maximum plume front expansion from the target surface at 0.1 mbar is measured to be 3.3 cm and 2.9 cm with and without magnetic field, respectively. The expansion velocities of the plasmas are calculated from the slopes of the displacement-time curves. The plasma expansion velocity at ambient pressure of 10 mbar is estimated to 1.2×10 6 cm s −1 without a magnetic field, while the expansion velocity of a magnetically confined plasma reduces to 1.0×10 6 cm s
To understand the influence of air pressures on the two dimensional shape of plasma, the temporal variation of plasma area with and without a magnetic field is presented in figure 5 . It is observed that, up to 5 mbar, the total size of plume increases with time and then gradually decreases with background pressure in each case. A comparison of plasma area shows that the size of plume with magnetic field reduces significantly at all pressure regimes as compared to the without magnetic field. The linear dependence of the plasma area with time suggests that the plume expands freely towards the lateral as well as in forward direction for both cases. The maximum area of plasma is measured to be ∼13 cm 2 without magnetic field at 0.1 mbar (squares), and correspondingly the plasma area is ∼8 cm 2 with the magnetic field. This result shows that the area of plasma without magnetic field is measured to be larger than with a magnetic field at all pressure regimes.
Conclusions
In conclusion, expansion dynamics and plume structures of aluminum plasma in an air ambient gas at different pressures ranging from 0.1 mbar to 10 mbar were investigated with and without a magnetic field. Fast photography has shown that the dynamical behavior (shape, size) of the plasma plume was strongly altered with the presence of a magnetic field by varying the ambient gas pressures. Several significant changes in plume morphology were observed with nonuniform magnetic field at varying air pressures which included plume splitting, elongated plasma columns, radial expansion, and stronger confinement of plumes. The   J B force is considered to play an important role for the splitting of plume into two lobes. The plume front expansion with and without magnetic field is well characterized by a shock model at various pressure regimes. It was measured that the area of plasma with a magnetic field was decreased to smaller values than the plasma without a magnetic field at several pressure regimes. In short, the above study provides additional knowledge regarding the plume dynamics in magnetic field at different air pressures. The results obtained from this work have significance in various applications, such as thin film deposition, and fabrication of microelectronics devices.
